Bacterial ribonuclease P (RNase P), an enzyme involved in tRNA maturation, consists of a catalytic RNA subunit and a protein cofactor. Comparative phylogenetic analysis and molecular modeling have been employed to derive secondary and tertiary structure models of the RNA subunits from Escherichia coli (type A) and Bacillus subtilis (type B) RNase P. The tertiary structure of the protein subunit of B. subtilis and Staphylococcus aureus RNase P has recently been determined. However, an understanding of the structure of the RNase P holoenzyme (i.e. the ribonucleoprotein complex) is lacking. We have now used an EDTA-Febased footprinting approach to generate information about RNA -protein contact sites in E. coli RNase P. The footprinting data, together with results from other biochemical and biophysical studies, have furnished distance constraints, which in turn have enabled us to build three-dimensional models of both type A and B versions of the bacterial RNase P holoenzyme in the absence and presence of its precursor tRNA substrate. These models are consistent with results from previous studies and provide both structural and mechanistic insights into the functioning of this unique catalytic RNP complex.
Introduction
Ribonuclease P (RNase P) is an endoribonuclease that functions in precursor tRNA (ptRNA) processing in Bacteria, Archaea and Eukarya. 1 -4 This study focuses on bacterial RNase P, a ribonucleoprotein (RNP) composed of one catalytic RNA subunit and one protein cofactor.
The Escherichia coli RNase P holoenzyme consists of M1 RNA (377 nucleotides, 123 kDa) and C5 protein (119 amino acid residues, 14 kDa). While M1 RNA cleaves ptRNAs to generate mature tRNAs in the absence of C5 protein in vitro, 5 both subunits are essential for RNase P activity in vivo. 6 Several investigations have attempted to understand how M1 RNA, a metalloenzyme, mediates site-specific hydrolysis of a phosphodiester linkage in ptRNA. 7 -9 Specifically, results from mutagenesis, cross-linking and nucleotide analog interference mapping (NAIM) experiments have identified nucleotides essential for ptRNA binding and catalysis. 8 Various kinetic studies have demonstrated that the protein cofactor, as part of the holoenzyme, facilitates substrate binding and enhances the rate of chemical cleavage. 10 -14 The tertiary structure of the protein subunit of RNase P from Bacillus subtilis and Staphylococcus aureus has recently been determined using X-ray crystallography and NMR spectroscopy, respectively ( Figure 1(C) ). 15, 16 Also, a computeraided three-dimensional model is available for the catalytic RNA moiety of bacterial RNase P. 17, 18 Nevertheless, the mechanism of action of the RNase P holoenzyme, especially the basis for protein-assisted RNA catalysis, has proved elusive due to the lack of high-resolution structural information on the RNA catalyst as well as the holoenzyme. Here, we have used inferences from a hydroxyl radical-mediated footprinting approach together with findings on interactions in the RNase P -ptRNA complex reported elsewhere 12, 19, 20 to generate a list of the physical contacts between (i) the secondary structure elements in the two 0022-2836/03/$ -see front matter q 2003 Elsevier Science Ltd. All rights reserved E-mail address of the corresponding author: gopalan.5@osu.edu Abbreviations used: RNase P, ribonuclease P; ptRNA, precursor tRNA; ESI-MS, electrospray mass spectrometry; NAIM, nucleotide analog interference mapping. Comparison of the sequences of the protein subunits of RNase P from E. coli and B. subtilis. The residues marked by an asterisk indicate sites of Cys replacement and modification with EPD-Fe in the protein subunit of E. coli RNase P. The positions of the respective secondary structural elements are also indicated. (B) Alignment of the amino acid sequence around helix a2 in the protein subunit of RNase P from 12 different bacteria. (C) Tertiary structure of the protein subunit of RNase P from B. subtilis. 16 The program RASMOL was used to depict the a-carbon backbone of the protein structure as a ribbon. The various secondary structural elements are depicted using the same color scheme as in (A). The positions where Cys residues were introduced and modified with EPD-Fe are labeled. Numbering is on the basis of the sequence of the protein subunit of E. coli RNase P. (D) The chemical reaction for covalent attachment of EDTA-Fe to the single Cys residue engineered in a protein.
subunits of RNase P holoenzyme, and (ii) the holoenzyme and its ptRNA substrate. Using these data, we have derived a three-dimensional model of the bacterial RNase P holoenzyme both in the absence and presence of its ptRNA substrate.
Results

Hydroxyl radical-mediated footprinting approach
Various single Cys-substituted mutant derivatives of C5 protein were modified using an SH-specific iron complex of EDTA-2-aminoethyl 2-pyridyl disulfide (EPD-Fe; Figure 1(D) ). This chemical reaction converts the mutant derivatives of C5 protein into chemical nucleases which, when reconstituted as part of the RNase P holoenzyme, will cleave their cognate RNA ligand in the presence of ascorbate and hydrogen peroxide. 21 -23 Upon reduction of the iron (covalently tethered to a Cys residue) with ascorbate, reactive oxygen species are generated and oxidative degradation of the M1 RNA backbone proximal to the modified residue occurs. The chemical cleavages are usually localized and restricted to , 10 Å of the metal ion because the reactive OH z species has a very short lifetime in aqueous solution. 23, 24 Since the Fe atom is 14 Å from the C a position of the Cys residue to which the EDTA-Fe moiety is conjugated, this OH zmediated footprinting must be viewed as a longrange structural probing method. Success of EDTA-Fe-based, site-specific footprinting strategies depends on the modified Cys residue being proximal to the RNA -protein interface without causing any deleterious effects on the assembly of the RNP complex. 23 We already have had success in using this methodology for mapping contact sites in the E. coli RNase P holoenzyme. 25 Due to insufficient information on the distance constraints both with respect to the RNP interactions in the holoenzyme as well as the holoenzyme -ptRNA substrate contacts, we have now extended this earlier study.
EDTA-Fe modification and characterization of single Cys-substituted mutant derivatives of C5 protein
On the basis of a sequence alignment of the protein subunit of RNase P from different bacteria, we selected four positions that are either at or proximal to the highly conserved residues of the RNR motif in helix a2 or in the loop preceding this motif (Figure 1(B) and (C) ). The residues Ala52, Ala59, Arg62 and Arg70 in C5 protein (Figure 1(C) ) were individually mutated to Cys and modified with EPD-Fe to covalently tether EDTA-Fe to the thiol group (Figure 1(D) ). In these four mutants, Cys113, which is present in the wild-type C5 protein, was mutated to Ser. To verify (i) the molecular masses of the four different single Cys-substituted mutant derivatives that we purified, and (ii) whether site-specific attachment of EDTA-Fe to the unique thiols in these mutants was accomplished, electrospray ionization mass spectrometry (ESI-MS) was performed on the mutants before and after modification. The molecular masses obtained from ESI-MS confirmed the identity of the mutants as well as the successful and complete modification with EPD-Fe (data not shown). Subsequently, we used circular dichroism (CD) spectroscopy to investigate whether modification of the four mutant derivatives resulted in gross structural alterations. The CD spectra of the mutants (^EDTA-Fe) were similar to that observed for the wild-type protein (data not shown).
To examine whether the single Cys-substituted mutant derivatives, with and without the EDTAFe tether, can form a functional RNase P holoenzyme, they were reconstituted with wild-type M1 RNA and the initial velocity for cleavage of ptRNA Tyr substrate measured (Table 1) . While the mutation to Cys per se is not detrimental for RNase P activity, attachment of EDTA-Fe to the thiol does cause a decrease in activity depending on the site of modification. For example, C5 A52C/C113S before and after modification displayed 81% and 27%, respectively, of the activity observed with the wild-type RNase P holoenzyme. However, the modification in the four different a Relative initial velocity is normalized on the basis of the activity of the wild-type C5 protein, which is considered as 100%. The turnover number of the wild-type RNase P holoenzyme was 16 min 21 . The initial velocity data were calculated from three independent trials with the standard deviation not exceeding 17%.
Three-dimensional Model of Bacterial RNase P mutants never resulted in activity that was less than 25% of that observed with the wild-type RNase P holoenzyme (Table 1) .
On the basis of the results described above, we conclude that the four single Cys-substituted mutant derivatives of C5 protein are folded and functional, in the absence and presence of a EDTA-Fe tether. Nevertheless, since the positions chosen for Cys mutagenesis and subsequent modification are at or near locations of highly conserved residues, it is not surprising that the modification causes a decrease in activity (see Discussion).
Footprinting studies
All modified and unmodified mutant derivatives of C5 protein were reconstituted with either 5 0 or 3 0 end-labeled M1 RNA, and the holoenzymes immediately incubated with ascorbate and hydrogen peroxide. To map the exact positions of The corresponding sequence in M1 RNA is also provided. Since the peak heights are in arbitrary units, no scale has been provided for the y-axis. The cleavage sites were assigned using reference standards as described earlier. 25 
OH
z -mediated cleavages in M1 RNA, the footprinting reaction contents were separated using either 8% or 10% polyacrylamide/7 M urea gel electrophoresis and the cleavage sites identified by autoradiography as well as phosphorimager analysis. Using 5 0 end-labeled M1 RNA, OH zmediated cleavages were observed with C5 Cys52-and Cys59-EDTA-Fe but not with C5 Cys62-or Cys70-EDTA-Fe. While both C5 Cys52-and Cys59-EDTA-Fe promoted OH z -mediated cleavages at positions 67 and 68 in M1 RNA (Figure 2 ), weak cleavages were also observed from positions 69 through 72 with C5 Cys52-EDTA-Fe. In contrast, using 3 0 end-labeled M1 RNA, OH z -mediated cleavages were observed with C5 Cys62-and Cys70-EDTA-Fe but not with C5 Cys52-or Cys59-EDTA-Fe.
Cys62-EDTA-Fe promoted OH zmediated cleavages at positions 331, 332, 349, 352, and, albeit weakly, 350; Cys70-EDTA-Fe caused scission with moderate intensity at positions 331 and 332 (Figure 2 ). The footprints of seven different single Cys-substituted mutant derivatives (three from an earlier study and four from this investigation) are restricted to domain 2 of M1 RNA, where the active site and most of the conserved nucleotides are located (Figure 3) . The 14-Å arm of the EDTA-Fe moiety makes it difficult to precisely pinpoint the nucleotides in M1 RNA that are interacting with C5 protein. However, the latitude afforded by the diffusibility of the hydroxyl radicals ensures the identification of a range of possible sites of interaction between the two subunits in the RNase P holoenzyme. We recognize that the validity and accuracy of the footprinting data should be ascertained with rigor. In this regard, various observations from our studies are worthy of mention. First, the footprints were highly reproducible and verified in three or more independent trials. Second, since the signals (i.e. the OH z -mediated cleavages) are frequently weak and sometimes obscured by background noise (i.e. cleavages caused by the conditions used for denaturation and annealing of the RNA moiety), it is reassuring to note that not all modified derivatives resulted in a footprint; for example, Cys106-and Cys113-EDTA-Fe failed to promote OH z -mediated cleavages of M1 RNA, likely due to these residues being distal from the RNA -protein interface in the RNase P holoenzyme 25 (data not shown). Third, the OH z -mediated cleavages were never identical for any two EDTA-Fe-tethered derivatives of C5 protein although overlap in the footprint was certainly observed ( Figure 3) ; the latter finding could be accounted for by the spatial proximity of the sites of modification ( Figure 1) . Fourth, the footprints of C5 Cys52-and Cys59-EDTA-Fe were at identical locations in the RNA subunits of both E. coli and Neisseria gonorrhoeae RNase P (data not shown). Last, the footprint of C5 Cys16-EDTA-Fe in the P3 helix of M1 RNA is corroborated by the results from a cross-linking experiment, which indicated that this helix is proximal to C5 protein in the RNase P holoenzyme (C. Guerrier-Takada & S. Altman, personal communication).
Non-covalent interactions in the ES complex
RNase P-mediated cleavage occurs between the 2 1 and þ 1 positions of the ptRNA substrate ( Figure 4 ). Recent experiments with single Cyssubstituted mutant derivatives of the protein subunit of B. subtilis RNase P have revealed that the leader sequence of the ptRNA Asp interacts with the cleft in the protein subunit. For instance, a strong cross-link was observed between the 2 4 and 2 8 nucleotides in the leader sequence of the ptRNA substrate and residues 49 and 27 of the protein subunit, respectively. 12 Consistent with the expectation that the protein cofactor might enhance substrate binding by promoting direct contacts with the leader sequence, determination of the binding affinities of the B. subtilis RNase P holoenzyme for ptRNA Asp with different leader lengths revealed a precipitous decrease in affinity when the leader was shortened to four nucleotides or less. 10 To facilitate molecular modeling of the E. coli RNase P holoenzyme -substrate ternary complex, we extended the study by Niranjanakumari et al. 12 and established that the protein subunit of E. coli RNase P binds the ptRNA substrate in a manner identical with B. subtilis RNase P and that this interaction is independent of the identity of the ptRNA ( Figure 4 ; data not shown). Of relevance to this study is the finding that the T50C mutant derivative of C5 protein when modified with the photoactivatible azidophenacyl (AzP) and reconstituted with M1 RNA yielded a strong UV-induced cross-link at the 2 4 and 2 5 nucleotides in the leader sequence of ptRNA Phe ( Figure 4 ). This information was vital in building a model of the E. coli RNase P -ptRNA complex.
Computer-aided molecular modeling
The footprinting data were used to guide us in positioning the protein subunit on the catalytic RNA moiety. Since the tertiary structure of the E. coli RNase P protein subunit has not been determined, the high resolution structure of the B. subtilis RNase P protein cofactor was used for building the E. coli RNase P holoenzyme model. Since the two proteins share nearly 30% identity, their tertiary structures are expected to be similar. In fact, this expectation is borne out by modeling/ threading exercises 26 (R.B. & V.G., unpublished data). Perhaps more importantly, the observation that heterologous reconstitution of RNase P activity can be accomplished using non-cognate bacterial RNase P RNA and protein subunits (e.g. B. subtilis RNA þ E. coli protein) 5 lends merit to our docking approach in which the tertiary structure of the B. subtilis protein cofactor is placed on the three-dimensional model of either the E. coli or B. subtilis RNase P RNA subunit using distance constraints between specified locations in the two subunits of E. coli RNase P.
Sequence comparisons were used to establish the amino acid positions in the B. subtilis RNase P 18 To orient the reader, secondary structural elements in the RNA and protein subunits of E. coli RNase P are labeled in the various panels.
Three-dimensional Model of Bacterial RNase P Figure 6 (legend opposite) protein subunit that correspond to the locations in C5 protein that were covalently attached to EDTAFe (Figure 1(A) and (C)). Along with the three mutant derivatives of C5 protein reported by Biswas et al. 25 we have seven positions where the EDTA-Fe moiety was introduced. These positions encompass three distinct regions of the protein (Figure 1(C) ) and describe a plane that can be fitted onto the RNA model. The footprinting data obtained using EDTA-Fe tethered to these positions provided sufficient distance constraints to dock the protein cofactor on domain 2 of the RNA subunit and help build nearly identical threedimensional models of the E. coli and B. subtilis RNase P holoenzymes ( Figure 5 ; data not shown).
While docking of the protein is facilitated by the distance constraints yielded by the footprinting method, it is important to ensure that any holoenzyme model generated using these data ( Figure 5 ) should also permit the construction of a tertiary structure of the holoenzyme -substrate (ES) complex in which well-established physical contacts between the enzyme and substrate are easily rationalized. Three different interactions believed to occur in the RNase P holoenzyme complex were taken into consideration while building the three-dimensional model of the RNase P -ptRNA complex ( Figure 6 ): (i) the base-pairing between the 3 0 terminus of the ptRNA (C75 and C76) and loop L15 (G292 and G293) of M1 RNA, 20, 27, 28 (ii) the contacts between functional groups in the T stem-loop of the ptRNA substrate with the paired regions P9 and P11 of the catalytic RNA moiety, 19 and (iii) the binding of the ptRNA leader (nucleotides 2 4 to 2 8) in the cleft of the protein cofactor 12 ( Figure 4 ). Molecular modeling was initiated using the previously reported three-dimensional models of RNase P RNAs from E. coli and B. subtilis. 18 We soon realized that the protein could be docked on these earlier models only if it were positioned to interact with the RNase P RNA on the side opposite to the one that binds the ptRNA. However, this would have been inconsistent with the experimental data that indicate direct contacts between the ptRNA leader sequence and the protein subunit of both E. coli and B. subtilis RNase P. This type of discrepancy was at least partly expected, since the previous models were built primarily on the basis of results from phylogenetic covariation analysis and data obtained from experiments that involved only the RNA subunit. Nevertheless, without drastically altering the overall architecture of the previous model of the RNA subunit, especially the positioning of various highly conserved nucleotides proximal to the cleavage site, we were able to build a model of the RNase P holoenzyme by employing the following approach.
The P15 helix in the earlier model 18 was too close to the substrate and was virtually taking the place the protein would be expected to occupy on the basis of the footprinting and cross-linking data. Therefore, a cavity was created to accommodate the protein in the vicinity of the ptRNA leader sequence by pushing P15 away from the leader sequence ( Figure 6 ). This was achieved by first re-orienting P5 using the phosphate group of C242 as a pivot without disrupting its connection to P4. Such a modification made possible the en bloc movement of P6, P15, P16, and P17 helices as a rigid body and the creation of a cavity necessary to accommodate the protein. Placement of the protein subunit in this cavity immediately reconciled both the footprinting and cross-linking data ( Figure 6(A) ). Note that the anti-parallel helix formed between loop L15 (G292 and G293) and the 3 0 terminus of the ptRNA (C76 and C75) is maintained in this model ( Figure 6(B) ).
Discussion
Here, we have employed a site-specific footprinting approach to map potential contact sites between M1 RNA and C5 protein in the E. coli RNase P RNP complex. Furthermore, this information has been utilized to generate a threedimensional model of the bacterial RNase P holoenzyme in the presence and absence of its ptRNA substrate.
Directed hydroxyl radical-mediated footprinting strategy
Four different single Cys-substituted mutant derivatives of C5 protein were constructed to facilitate the strategic placement of an affinity cleavage reagent at positions that are likely to be at the RNA -protein interface in the E. coli RNase P holoenzyme. The attachment of EDTA-Fe to these mutant derivatives resulted in activities ranging from 27% to 42% of that observed with wild-type RNase P ( Table 1 ). The loss of activity upon modification is to be expected, since the thiols were engineered at locations that are either at or close to conserved residues. As indicated in our earlier study, 25 these results highlight a limitation with this footprinting approach. Specifically, to gain insights into RNA -protein interactions in an RNP complex, the RNA-binding protein is converted Figure 6 . Model of the RNase P holoenzyme -substrate complex. (A) A stereo view of the three-dimensional model of the E. coli RNase P holoenzyme -ptRNA complex. The color scheme of M1 RNA is the same as in Figure 5 . C5 protein and the ptRNA substrate are depicted in cyan and silvery white color, respectively. (B) A stereoview of a magnified section of (A) depicting the base-pairing between the 3 0 -ACCA terminus of the ptRNA substrate with G292 and G293 in P15 of M1 RNA, and the proximity of nucleotide 24 in the ptRNA leader sequence and amino acid residue 50 in C5 protein (both shown in ball and stick format). This distance constraint is on the basis of the cross-linking studies (see the text for details).
Three-dimensional Model of Bacterial RNase P into a site-specific chemical nuclease by introducing a cleavage reagent at the putative RNAprotein interface. 23 However, such a chemical modification at a site critical for RNP assembly could potentially result in loss of biological activity. Nevertheless, the strategy would be expected to yield valuable structural insights if there is reasonable residual activity after modification. On the basis of this premise and the recent finding that OH z -mediated footprinting data on the contact sites between S5 protein and 16 S rRNA have been borne out by the high-resolution structural studies of the 30 S ribosomal subunit, 29, 30 we proceeded with the footprinting study on E. coli RNase P.
Location of the protein-binding site in the RNA subunit of bacterial RNase P The footprinting data from this and our previous study 25 can be summarized as follows: helix a1, the unique left-handed cross-over loop, and the RNR motif in helix a2 of C5 protein are proximal to the P3, P4 and J18/2 regions of M1 RNA, respectively; some residues in helix a2 are also close to J2/4. Interestingly, results from cross-linking and NAIM methods have already established the vital role of several nucleotides that are part of P4, J18/2 and J2/4 (in M1 RNA) during RNase P RNA-mediated catalysis.
7,31 -33
A phylogenetic covariation analysis of 137 bacterial RNase P RNA sequences resulted in the generation of a secondary structure model that is composed of distinct substrate specificity (domain 1) and catalytic (domain 2) regions 18 ( Figure 3 ). The OH z -mediated footprint from all seven single Cys-substituted mutant derivatives of C5 protein is restricted to domain 2 of M1 RNA (Figure 3 ). Using the footprinting data, we have docked the protein cofactor on M1 RNA and constructed a model of the RNase P holoenzyme ( Figure 5) .
One of the most important issues in theoretical modeling relates to the methods employed for validation. We considered a quantitative approach to verify the accuracy of the docking model. Since the linker arm in EDTA-Fe positions the Fe atom 14 Å from the C a position in the modified Cys residue (of C5 protein) and the short half-life of the OH z does not permit its diffusion 10 Å past the Fe atom, the distances between the C a position and the phosphorus centers where OH z -mediated cleavages have occurred in M1 RNA must be approximately 14(^10) Å . Iterative manual building/refinement cycles of the model generated a set of C a -PO 4 distances in the E. coli RNase P holoenzyme complex that were consistent with this expectation (Table 2 ; see below). Considering that far greater distances have been reported for RNA -protein interactions probed by this method in 16 S rRNA, 34 we were encouraged that threefourths of the C a -PO 4 distances fulfilled the 14(^10) Å criterion ( Table 2) . But what about the remainder that failed this test? In our modeling approach, no allowance has been made for conformational changes that might occur in either M1 RNA or C5 protein during RNase P assembly. The largest discrepancies in C a -PO 4 distances were noted with the Cys residues located in the loop connecting strand b3 and helix a2 (Figure 1 ; Table  2 ). The location of this loop in the unique lefthanded cross-over motif, which plays an important biological role in other proteins where it is present, 16 supports the notion that this loop in C5 protein might undergo structural rearrangement upon binding to M1 RNA. On the basis of our footprinting data, this loop was placed proximal to the P4 helix and the adjoining single-stranded regions (J3/4), which contain several universally conserved nucleotides. 18 NAIM and site-specific phosphorothioate substitution followed by thiophilic metal ion rescue experiments have led Harris and co-workers to conclude that multiple metal ions, essential for catalysis, interact with specific base functional groups in P4 as well as J3/4. 7, 31, 35 Since C5 protein can diminish the requirement for Mg 2þ during M1 RNA-mediated catalysis, 5 it is conceivable that specific amino acid residues (at or proximal to the loop connecting strand b3 and helix a2) in C5 protein might directly or indirectly facilitate tighter metal ion binding by the P4 helix. High-resolution structural studies are needed to elucidate the dynamics and metal-binding properties of this loop, which might be critical for RNase P assembly and function.
Is the holoenzyme model consistent with previous data?
We discuss below our model of the RNase P holoenzyme in the context of findings from other studies that have attempted to elucidate RNAprotein interactions in bacterial RNase P.
The binding site of C5 protein in domain 2 (P3, P4, J18/2, and J2/4) of M1 RNA is perhaps not unexpected, since domain 2, which contains most of the conserved residues (white spheres in Figure  5 (C)), is sufficient for catalysis under certain in vitro conditions. 36, 37 For example, the observation that the protein cofactor can restore activity in vitro to a deletion variant of the RNA moiety encompassing domain 2 alone 36,38 is consistent with our observation that the binding site for the protein subunit is restricted to this catalytic domain (Figure 3) .
Recently, Sharkady & Nolan 25 identified RNAprotein contact sites in E. coli RNase P by employing a photochemical cross-linking approach using azidophenacyl-conjugated single Cys-substituted mutant derivatives of C5 protein. The sites of cross-linking (P5-J5/P15, P11, J11/12, P12, J14/11) and the three-dimensional structure of the E. coli RNase P holoenzyme predicted on the basis of these data are quite different from our docking model (Figure 4 ; see discussion below for possible reasons underlying this disagreement).
Both chemical and enzymatic probes have also been employed to deduce RNA -protein interactions in bacterial RNase P. A recent study utilized NAIM to determine the positions in the RNA subunit of B. subtilis RNase P at which introduction of AMPaS and IMPaS modifications interfered with binding to the cognate protein subunit. 39 Indeed, a few modifications in domains 1 and 2 of the RNA subunit weakened binding to the protein cofactor. It is notable that positions identified by Rox et al. 39 constitute a subset of those identified in another investigation on B. subtilis RNase P wherein the putative protein binding sites on the RNA were deduced on the basis of protein-induced protections of the RNA backbone to OH z -mediated cleavages. 19 There is excellent agreement between the elements in domain 2 identified as essential for RNA -protein interactions by the NAIM study and the regions that we have determined here as the putative protein-binding site in the RNA (Figure 3) . However, it is important to note that our study failed to identify a protein footprint in domain 1, in contrast to findings from two earlier studies on E. coli 40, 41 and B. subtilis RNase P. 19, 39 Structural alterations in regions of the RNA distal to the protein-binding site are not uncommon and complicate inferences on the RNA-binding site using various chemical and enzymatic probes. For instance, in the NAIM or protection from RNase T 1 cleavage studies, 39, 41 if modifications in domain 1 alter the structure of domain 2 and thereby diminish protein binding, an interference detrimental for protein binding would be identified in domain 1 even if domain 1 is not directly contacted by the protein cofactor. Similarly, in the OH zmediated footprinting study, the binding of the protein subunit to domain 2 could result in changes in the susceptibility of the RNA backbone in domain 1 to OH z -mediated cleavages and lead to the conclusion that the protein contacts both domains. Clearly, the data from these experiments must be interpreted with caution.
The above-mentioned results lend ambiguity to the placement of the protein cofactor on M1 RNA and warrant further discussion. Since the small protein subunit can only bridge 40 Å across its RNA ligand, Rox et al. 39 concluded that simultaneous contacts with the two domains of the RNA subunit by a single protein molecule was rather unlikely (at least on the basis of the current models of the RNA). Rox et al. 39 rationalized that domain 1 might constitute a proteinbinding site independent of domain 2 consistent with a model in which RNase P is an RNP complex comprising two copies each of the RNA and protein subunit. Indeed, a symmetrical tetrameric structure for B. subtilis RNase P was recently proposed on the basis of small angle X-ray scattering (SAXS) and affinity retention experiments. 42 However, there are no data regarding the subunit stoichiometry of bacterial RNase P in vivo.
The differences between our footprinting data and the results of Sharkady & Nolan 25 and Rox et al. 39 might stem from differences in the oligomeric state of the enzyme, which in turn is likely influenced by the concentration of enzyme. Our footprinting experiments were performed using holoenzyme concentrations lower than those used for the cross-linking, NAIM and SAXS studies. This fact becomes especially relevant considering that (i) a Scatchard analysis of the interaction between C5 protein and M1 RNA revealed nonideal binding behavior, presumably due to the presence of high-affinity and low-affinity binding modes, 40 and (ii) C5 protein at high concentrations can non-specifically bind to RNAs other than M1 RNA. 41 A rationale for concentration-dependent formation of the different oligomeric states of bacterial RNase P might yet provide a basis for explaining the disagreement in the final threedimensional models derived from results of various technical approaches. The validity of any model can also be assessed by examining the extent to which it is collectively consistent with a large body of experimental data.
Three-dimensional model of the ES complex
The tertiary structure model of the RNase P holoenzyme -ptRNA complex ( Figure 6 ) presented here is compatible with various interactions that have already been demonstrated elsewhere. First, several studies have now confirmed that the two Cs in the 3 0 -CCA motif of the ptRNA substrate interact with the highly conserved G292 and G293 in M1 RNA in both the RNA-and holoenzymecatalyzed reactions. 27, 28, 43 Although this interaction occurs in RNase P from several bacteria, 20 these canonical Watson-Crick base-pairs are not likely to be universal, since the nucleotides at 292 and 293 in the RNA subunit of RNase P are not absolutely conserved. Second, data from circular permutation analysis and photochemical crosslinking indicate that specific nucleotides in P9 and P11 (domain 1) of M1 RNA contact the T stemloop of the ptRNA substrate. Although most of these studies were performed with the catalytic RNA in the absence of the protein cofactor, one study using the B. subtilis RNase P holoenzyme supports the idea of a specific hydrogen-bonding interaction between the N1 of A230 and the 2 0 hydroxyl group at position 60 in the T stem-loop of the ptRNA. 19 Lastly, the binding of the ptRNA leader (nucleotides 2 4 to 2 8) in the cleft of the protein cofactor has been demonstrated by photocross-linking studies 12 (this study). These interactions collectively provided constraints to position the 5 0 , T stem-loop and 3 0 ends of the ptRNA ( Figure 6 ).
Once the model of the RNase P holoenzyme in the presence of its ptRNA substrate was constructed so as to fulfill the above-mentioned constraints ( Figure  6 ), some other important features became evident. First, the two highly conserved residues A248 and A249 (in J5/15 of M1 RNA) lie in the shallow groove of the acceptor stem such that their Watson-Crick base-pairing edges contact the shallow groove edges of nucleotides 2 1 and 2 2 of the ptRNA substrate. A direct role for A248 and A249 in substrate recognition, especially close to the cleavage site, was already predicted on the basis of (i) efficient short-range cross-links between A248 and the þ 1 position of the ptRNA, and (ii) significant interference effects in binding and catalysis upon modification of A248 and A249 to adenosine base analogs. 33, 44, 45 Second, the nucleotide 2 1 of the ptRNA is close to the universally conserved A352, while other residues from the P4 helix also appear to be ideally positioned for recognition of the acceptor stem of the ptRNA substrate. The recent identification of a polynuclear metal ion-binding site at the P1 -P4 multihelix junction provides further support for P4 and its proximal elements as being part of the catalytic core. 7, 35 Lastly, the highly conserved RNR motif of helix a2 (Figure 1(B) ) is not close to the scissile phosphodiester linkage in the ptRNA substrate, consistent with results from the cross-linking study with B. subtilis RNase P which established contacts between the ptRNA leader (nucleotides 2 4 to 2 8) and residues in the cleft but not with residues in the RNR motif of helix a2 in the protein subunit. 12 However, an indirect participation of the highly conserved RNR motif in RNase P catalysis cannot be ruled out. By interacting with conserved nucleotides in J18/2, the RNR motif could facilitate substrate recognition and/or assist in metal ion binding at the cross-over loop.
Mechanism of action of bacterial RNase P and evolutionary considerations
The three-dimensional model of the ES complex provides a structural basis for the role of the protein cofactor, a central theme in several recent studies ( Figure 6) . First, the ability of C5 protein to bind the distal part of the leader sequence (nucleotides 2 4 to 2 8) while simultaneously interacting with conserved nucleotides in domain 2 of M1 RNA, which play a vital role in holoenzymemediated catalysis, might explain how the protein cofactor can contribute towards enhancing both substrate binding and the rate of chemical cleavage. 10, 11 Moreover, the model postulates that C5 protein employs different amino acid residues to accomplish concomitant (but distinct) interactions with the catalytic RNA moiety and the ptRNA substrate; specifically, the conserved basic residues in the RNR motif of helix a2 bind conserved regions in M1 RNA while residues in the b-sheet and helix a1 help bind the leader sequence in the substrate (Figures 1 and 6 ). Site-directed mutagenesis, together with a genetic complementation assay, has already furnished some insights with regard to the possible dual RNA-binding characteristics in C5 protein. 46 Second, it appears that there is exquisite cooperativity between the two RNase P subunits in ptRNA substrate binding. For instance, M1 RNA utilizes P9, P11 and L15/16 to make specific contacts with the T stem-loop as well as the 3 0 end of the acceptor stem in the ptRNA, while the protein contacts the distal end of the ptRNA leader sequence. Entropic constraints imposed by multiple and concomitant interactions of the ptRNA with both subunits of bacterial RNase P likely contribute significantly to substrate recognition/metal-ion binding and ensure a catalytic rate that approximates a diffusion-controlled reaction. 11 If the mechanism of action of the holoenzyme (with respect to ptRNA processing) is identical with that observed with the RNA subunit alone, 19, 47 why was the protein cofactor ever recruited? An already energetically unfavorable interaction between M1 RNA and ptRNA could have been exacerbated gradually by alterations in the cellular milieu (particularly the ionic conditions). On the basis of a large body of data, it has already been postulated that C5 protein was probably recruited to aid M1 RNA by enhancing substrate binding and product release, and by decreasing the requirement of metal ions essential for catalysis. 10, 11, 14, 48, 49 Since proteins can offer coordinating ligands for tight binding of metals, it is possible that the affinity for the metal ions improved considerably in the holoenzyme, thereby ensuring that a metalloenzyme like M1 RNA could function at lower concentrations of metal ions (like Mg 2þ ). Such metal ion-binding sites on the protein cofactor remain to be identified. The expectation that the protein merely acts as an electrostatic shield that promotes the interaction of two RNAs has been replaced with a molecular mechanism elaborated by Fierke and co-workers. 50 By establishing direct, non-covalent interactions with the ptRNA leader sequence, the protein engenders a favorable ribozyme -ptRNA ground state interaction. One would predict on the basis of this scenario that recruitment of the protein cofactor either replaced or eliminated a subset of the entire suite of interactions between the RNA subunit and the ptRNA substrate. For instance, in the ES complex (Figure 6 ), distal parts of the ptRNA leader sequence are docked in the cleft of the protein cofactor and cannot be proximal to J5/15 or J18/2 as established by studies on the M1 RNA -ptRNA complex. 45 Experiments designed to test postulates of this nature might yield results central to understanding of the mechanism of protein-assisted RNA catalysis in bacterial RNase P and also furnish insights into the likely steps during the progression from an RNA to an RNP enzyme.
Materials and Methods
Mutagenesis, purification, EPD-Fe modification and characterization of mutant derivatives of C5 protein
The four different single Cys-substituted mutant derivatives of C5 protein were generated using the QuickChangee Site-Directed Mutagenesis Kit (Stratagene, San Diego, CA). The plasmid pBSC5Sn18 (which encodes the C5 C113S mutant derivative) was used as the template DNA for mutagenesis. 25 The following oligonucleotides and their antisense counterparts were employed for generating the mutants used in this study: 0 . The boldface nucleotides indicate the codon that was altered to introduce the Cys residue. DNA oligonucleotides were synthesized by the Keck Biotechnology Resource Laboratory at Yale Medical School. Putative clones encoding the various mutant derivatives were sequenced to ensure that there were no additional unwanted alterations. Details of overexpression and purification of mutant derivatives in E. coli are provided elsewhere. 51, 52 After purification of the various mutant derivatives of C5 protein, we performed the modification with EPD-Fe as described 25 and verified the molecular masses of the mutant derivatives, both before and after modification, using ESI mass spectrometric facilities at the OSU Campus Chemical Instrumentation Center. Details on acquisition of the CD spectra as well as the RNase P assays are essentially as outlined in our earlier study. 25 
Footprinting experiments
The OH z -mediated cleavages that M1 RNA promoted by the EDTA-Fe modified derivatives of C5 protein were monitored in footprinting experiments exactly as described. 25 
Cross-linking assay and primer extension analysis
The cross-linking experiments were performed as described elsewhere 12 with some modifications. First, for our studies with E. coli RNase P, we used an amber suppressor ptRNA Phe , with a 10-nt leader sequence, as the substrate 53, 54 (Figure 4(A) ). Second, we reconstituted the RNase P holoenzyme using 200 nM of pre-folded M1 RNA and 500 nM of one of the single Cys-substituted mutant derivatives (e.g. V21C/C113S, T50C/C113S) either unmodified or modified with azidophenacyl bromide. Lastly, we used 15 nM of [a-
32 P]GTP-labeled ptRNA in a final reaction volume of 10 ml.
The position in ptRNA Phe that is cross-linked to Cys50 in C5 protein was mapped using a primer extension approach. The cross-linked complex (in lane marked T50C-AzP, Figure 4(B) ) was excised and first treated with 0.5 unit proteinase K (Boehringer Mannheim) in 350 ml 20 mM Tris (pH 7.5), 100 mM NaCl, 0.01% (w/v) SDS, 1 mM EDTA. After an overnight incubation at 37 8C, the ptRNA in the cross-linked complex was precipitated and subjected to reverse transcription with 15 fmol of a 5 0 end-labeled oligonucleotide primer (5 0 GCCCGGATCGGAATCG 3 0 ) that is complementary to the 3 0 end of ptRNA Phe . Primer extension was performed according to the manufacturer's instructions for the Thermoscripte RT-PCR system (Invitrogen Gibco Life Technologies). The extension products and the sequencing ladder for ptRNA Phe were then separated using 8% (w/v) polyacrylamide/7 M urea gel electrophoresis.
Molecular modeling
The 3D models of the RNase P RNAs from E. coli and B. subtilis were interactively built as described 18, 55 either naked or bound to the ptRNA and to the protein using the software MANIP. 56 The docking of the protein was performed with the goal of ensuring that the nucleotides cleaved by hydroxyl radicals were in the vicinity of corresponding modified Cys residues. Such an exercise cannot be expected to yield an accurate RNA-protein complex model in terms of the intermolecular interactions. The RNA regions of the models were subjected to restrained geometrical least-square refinement using the program NUCLIN/NUCLSQ 57 to ensure geometry and stereochemistry with correct distances between interacting atoms and to avoid steric clashes. The color illustrations were generated with the program DRAWNA. 58 The coordinates for the three-dimensional models are available upon request.
